Introduction {#s0001}
============

Chronic subdural hematoma (CSDH) is one of the most common reasons for neurosurgical procedures in elderly individuals.[@cit0001] Neurosurgery is the first-line treatment for this disease. Although the surgical cure rate can be as high as 80%, 20% of patients will recur and develop a CSDH requiring further surgery.[@cit0002] In addition, because elderly individuals develop conditions associated with increasing age and commonly use anticoagulants, the prevalence of this neurological disease is obviously increasing.[@cit0003],[@cit0004] Thus, nonsurgical therapeutic approaches for CSDH must be identified. Emerging data have convincingly demonstrated that a multipathway physiological mechanism that involves inflammatory pathways, angiogenesis and growth factors, coagulopathy, hyperfibrinolysis, and exudation mediates the pathology of CSDH.[@cit0005] Based on previous studies, several therapies, such as previously used a ntithrombotic drugs,[@cit0006] angiotensin-converting enzyme inhibitors, atorvastatin and dexamethasone administered at presentation,[@cit0007] have been proposed.

In our previous study, we demonstrated that atorvastatin is an effective and safe nonsurgical treatment for patients with CSDH. However, in the randomized clinical trial with 200 patients, up to 11.2% of the patients were not cured by atorvastatin and required further surgical treatment, which should be further discussed.[@cit0008] Our recent study with four young patients indicated that atorvastatin combined with low-dose dexamethasone treatment completely cured three of the patients and obviously decreased the hematoma size in the remaining patient without any clinical complications.[@cit0009] Additionally, with our further proof-of-concept Phase II clinical trial, we showed that atorvastatin combined with low-dose dexamethasone treatment is more effective than atorvastatin alone in reducing the hematoma size and improving neurological function in patients with CSDH.[@cit0010] Moreover, the results of our basic research study were the same as those of our clinical study. We further screened a zinc finger transcription factor, Kruppel-like factor (KLF-2), by RNA sequencing and found that its expression was significantly increased in hematoma-injured cells after combination therapy. This study will be published in the near future.

KLF-2 is a member of a subfamily of zinc-finger transcription factors,[@cit0011] whose members play critical roles in vascular function[@cit0012] and are highly expressed in endothelial cells.[@cit0013] Recent research has indicated that KLF-2 expression can be stimulated by shear stress,[@cit0014] and inhibited by some injuries such as those caused by proinflammatory factors or ischemic stroke.[@cit0013],[@cit0015] Emerging data have convincingly demonstrated that KLF-2 is a "molecular switch" that regulates vessel function and disease.[@cit0012] A recent study by Yusheng demonstrated that a high glucose level suppressed KLF-2 expression in human umbilical vein endothelial cells (HUVECs) and the suppression was counteracted by atorvastatin treatment.[@cit0016] However, the effects of KLF-2 both on the process of CSDH and treatment with atorvastatin combined with low-dose dexamethasone remains unclear.

In this study, we hypothesized that KLF-2 plays important roles in both the process of CSDH and the treatment with atorvastatin combined with low-dose dexamethasone. Herein, in an attempt to better understand the mechanism underlying the efficacy of the combined treatment for the hematoma-induced injury, we mimicked the pathological microenvironment by coculturing monocytes and endothelial cells with CSDH patient hematoma samples to investigate the protective roles of KLF-2 in vascular inflammation and permeability.

Methods {#s0002}
=======

Establishing a Cell Coculture and CSDH Patient Hematoma Sample Induced Injury Model {#s0002-s2001}
-----------------------------------------------------------------------------------

The human cerebral endothelial cell line, hCMEC/D3 was ordered from Sigma-Aldrich (Sigma-Aldrich, SCC075, St. Louis, MO, USA)), cultured with endothelial cell medium (ECM) (ScienCell Research Laboratories, California, USA), and grown on 0.1% collagen type I (Sigma-Aldrich, 08--115, St. Louis, MO, USA))-coated coverslips until a tight monolayer was formed. We obtained the human monocyte cell line Thp-1 from American Type Culture Collection (ATCC, TIB-202, Virginia, USA) and cultured it in RPMI 1640 medium (Gibco,11,875,093, Waltham, USA), supplemented with 10% FBS (Gibco, 26,140,079, Waltham, USA). We replaced the medium every other day.

Hematoma samples were collected from patients (n=10). The patient information is presented in [Table 1](#t0001){ref-type="table"}. The supernatants of the hematoma samples were collected after centrifugation at 3000 rpm for 15 min and were stored at −80 °C. Before the hematoma sample was used, we diluted it with ECM at a 1:1 ratio, allowed it to stand for 6 h and then centrifuged it at 3000 rpm for 15 min. The supernatants were stored for further study.Table 1The Information of the CSDH PatientsAgeGenderHematoma LocationHematoma Volume (mL)MRI T1-weightedCTGCS ScoreCSDH with TBI HistoryThe Operation Days from the Inury dayPast Medical History156ML114/homo-, iso-14√23266ML108hetero-, hyper-hetero-, hypo-15√42Hypertension, cardiac diseases, aspirin376MR85/homo-, hyper-15√22477MR95homo-, hyper-/15//Hypertension, cardiac diseases581ML105/hetero-, hypo-15√45Hypertension, cardiac diseases672MR127homo-, hyper-/13√34Hypertension, cardiac diseases, smoker767MR101/homo-, hypo-14√55Cardiac diseases865MR110/homo-, iso-13//Diabetes, smoker952FR94.32/hetero-, iso-14√22Hypertension, diabetes, cardiac diseases1072ML130homo-, hypo-12/30Average68.4106.9321434.125

Prior to cell stimulation, cells were cocultured in a transwell system to mimic the in vivo vascular microenvironment. Polycarbonate membranes with 0.4-µm pores were used to separate the upper and lower wells of a transwell chamber (Corning, 3412, New York, USA). We transplanted THP-1 cells into the upper well and hCMEC/D3 cells into the coated lower wells and incubated the cells for 24 h before hematoma simulation.

Subsequently, we added the diluted hematoma into the bottom wells. After 1h, we replaced the hematoma samples with ECM and RPMI 1640 medium, and PBS, atorvastatin (Sigma-Aldrich, PZ0001, St. Louis, MO, USA)), or dexamethasone (Sigma-Aldrich, D1756, St. Louis, MO, USA)), was added to the mixed medium, and the cells were cocultured with hCMEC/D3 cells for 1 h.

The experiment method and protocol were approved by Tianjin Medical University ethics committee of China on July 31, 2018 (approval No. IRB2018-088-01). This study was also in accordance with the Declaration of Helsinki. An written informed consent was obtained from each patient or a patient's legal representative (When a patient's consciousness is not good, the family member should sign for him).

Hopping Probe Ion Conductance Microscopy (HPICM) Scanning {#s0002-s2002}
---------------------------------------------------------

As described previously,[@cit0017],[@cit0018] we detected changes in endothelial cell morphology at multiple timepoints after hematoma injury. The advantage of HPICM scanning is that it can scan living cells directly without causing any damage and has no effect on cell structure. We completed this experiment within 2 h to ensure that the cell status was stable.

Western Blot Analysis {#s0002-s2003}
---------------------

The protocol was similar to that used in previous research.[@cit0019] Membranes were incubated with anti-VE-cadherin (1:1000, Cell Signaling Technology, 2500, Danvers, Massachusetts, USA), anti-ZO-1 (1:1000, Cell Signaling Technology, 13,663, Danvers, Massachusetts, USA), anti-VCAM-1 (1:1000, Cell Signaling Technology, 13,662, Danvers, Massachusetts, USA), anti-ICAM-1 (1:1000, Abcam, ab18981) and anti-KLF-2 (1:250, Abcam, ab17008) antibodies. We then added horseradish peroxidase (HRP)-conjugated secondary IgG antibodies and incubated the membranes for 1 h at room temperature. Immunoreactions were visualized with an enhanced chemiluminescence (ECL) system (Millipore, Billerica, MA, United States), and protein band densities were quantified with ImageJ software. GAPDH was used as the normalization control.

Immunofluorescence Staining {#s0002-s2004}
---------------------------

We performed immunofluorescence staining as previously described.[@cit0019] Cells were incubated overnight with a primary antibody specific for VE-cadherin (1:400, Cell Signaling Technology, 2500). Cells were then washed with PBS and incubated with an Alexa Fluor-conjugated anti-rabbit IgG antibody (1:500, Molecular Probes) for 1 h at room temperature. Nuclei were counterstained for 5 min with 4ʹ,6-diamidino-2-phenylindole (DAPI).

Pcr {#s0002-s2005}
---

PCR was performed as described previously.[@cit0020] The sequences of the primers used for PCR are listed in [Table 2](#t0002){ref-type="table"}.Table 2The Sequences of Primers Used in This StudyGenePrimer Sequence, 5ʹ-3'ForwardReverse*VE-cadherin*TTCACCCAGACCAAGTACACATGCTTGATGATGCCCTCGTTG*zo-1*ATAAAGAGAAAGGTGAAACACTGCTTCACAGTGTGGTAAGCGCAG*VCAM-1*CAGGCTGGAGATAGACTTACTGCCTCAATGACAGGAGTAAAGGT*ICAM-1*TGGAACACAACCTGTACATTTGAATTCCCAGATGAGGTACACTG*Rp0*TTCATTGTGGGAGCAGACCAGCAGTTTCTCCAGAGC*KLF-2*CACGCACACAGGTGAGAAGCATGTGCCGTTTCATGTGCAG

Enzyme-Linked Immunosorbent Assay (ELISA) {#s0002-s2006}
-----------------------------------------

We detected the concentrations of IL-6, IL-10 and VEGF with ELISA kits (R&D) according to the manufacturer's instructions.

SiRNA Transfection {#s0002-s2007}
------------------

SiRNA transfection was performed in vitro with Lipofectamine 3000 (Thermo Fisher Scientific). We obtained the *siRNA-KLF-2* and siRNA control constructs from RiboBio. Then, 50 nmol *siRNA-KLF-2* or siRNA control was added to Lipofectamine 3000, and the mixture was added to the cell culture medium and incubated for 6 h.We replaced the culture medium after 6 h. The cells were cultured for 24 h for further experiments.

Statistical Analysis {#s0002-s2008}
--------------------

We analyzed the data with GraphPad Prism (IBM, USA) and presented them as the means ± SDs. One-way ANOVA was used to analyze the results. P-values of less than 0.05 were considered to indicate significant differences.

Results {#s0003}
=======

The Effects of Combined Treatment on the Expression of KLF-2 {#s0003-s2001}
------------------------------------------------------------

Before we investigated the effect of combined low-dose atorvastatin and dexamethasone treatment on KLF-2 expression, we analyzed the changes in hCMEC/D3 cell morphology at multiple timepoints after hematoma injury by HPICM scanning. We found that the cell morphology significantly changed from 54 min to 78 min ([Figure 1A](#f0001){ref-type="fig"}). Based on these data, we chose 78 min as the injury timepoint. Likewise, we used the same time period to rescue injured cells with atorvastatin monotherapy or atorvastatin combined with low-dose dexamethasone treatment.Figure 1The expression of KLF-2 in endothelial cells was decreased after hematoma sample injury. (**A**) The morphological changes in cells at different time points after stimulation with hematoma supernatant observed by HPICM; (**B**) The changes in KLF-2 expression after treatment of hematoma supernatant-damaged cells with different interventions; (**C**) Gray value analysis of panel (**B**); (**D**) The changes in the *KLF-2* mRNA level after treatment of hematoma-damaged cells with different interventions. \*P \< 0.05; \*\*P \< 0.01; \*\*\*P \< 0.001.

We measured the expression of KLF-2 ([Figure 1B](#f0001){ref-type="fig"}--[D](#f0001){ref-type="fig"}) by Western blotting and PCR. As shown in [Figure 1B](#f0001){ref-type="fig"}--[D](#f0001){ref-type="fig"}, the level of KLF-2 was decreased after hematoma injury, but this effect was reversed when we rescued injured cells with atorvastatin monotherapy or atorvastatin combined with low-dose dexamethasone treatment. KLF-2 expression was much higher in the combined treatment group than in the monotherapy group, which suggested that KLF-2 may play a crucial role in mediating the effect of the combined therapy on hematoma injury.

The Role of KLF-2 in the Vascular Permeability of hCMEC/D3 Cells After Hematoma Injury {#s0003-s2002}
--------------------------------------------------------------------------------------

Then, we further performed immunofluorescence staining and Western blotting to evaluate cell-cell junction protein markers in hematoma-stimulated hCEMC/D3 cells with *KLF-2* knockdown that were cocultured with normal Thp-1 cells ([Figure 2A](#f0002){ref-type="fig"}--[C](#f0002){ref-type="fig"}). The vulnerability of the cells to hematoma injury increased after *KLF-2* knockdown, as evidenced by the considerably decreased expression of VE-cadherin and ZO-1 in the knockdown cells compared with the normal cells.Figure 2Hematoma sample stimulates cocultured cells and induces changes in the expression of tight junction proteins after knockdown of *KLF-2* in endothelial cells. (**A**) The changes in tight junction proteins in endothelial cells after injury observed by immunofluorescence staining; (**B**) Western blot analysis of the changes in tight junction protein expression in endothelial cells with different genotypes after injury; (**C**). Gray value analysis of panel B. \*P \< 0.05.

These data demonstrated that KLF-2 can effectively reduce the effects of hematoma injury on cells by decreasing vessel leakage, as indicated by the increased expression of tight junction proteins.

The Effect of KLF-2 on the Vascular Endothelial Inflammatory Reaction Between THP-1 and hCMEC/D3 Cells After Hematoma Injury {#s0003-s2003}
----------------------------------------------------------------------------------------------------------------------------

We detected changes in vascular cell adhesion molecule (VCAM-1) and intercellular adhesion molecule (ICAM-1) levels in hCMEC/D3 cells cocultured with THP-1 cells. After stimulation with hematoma samples, the expression of VCAM-1 and ICAM-1 was significantly increased a at both the protein ([Figure 3A](#f0003){ref-type="fig"}--[B](#f0003){ref-type="fig"}) and mRNA levels ([Figure 3C](#f0003){ref-type="fig"}) in *KLF-2*-ablated hCMEC/D3 cells compared with normal cells with hematoma injury.Figure 3Hematoma sample stimulates cocultured cells and induces changes in the expression of vascular inflammation markers after ablation of *KLF-2* in endothelial cells. (**A**) Western blot analysis of the changes in adhesion protein expression in endothelial cells with different genotypes after injury; (**B**) Gray value analysis of panel (**A**); (**C**) PCR analysis of the changes in adhesion protein mRNA levels in endothelial cells with different genotypes after injury; (**D**) ELISA analysis of the changes in inflammatory factor and VEGF expression in endothelial cells with different genotypes after injury. \*P \< 0.05, \*\*P\<0.01.

Then, coculture supernatants were collected to observe the changes in the expression levels of inflammatory factors after hematoma injury ([Figure 3D](#f0003){ref-type="fig"}). The results suggested that knockdown cells secreted higher levels of the proinflammatory factor IL-6 and lower levels of the immunosuppressive factor IL-10 than normal cells. The concentration of VEGF in the sham group, which was approximately 40 pg/mL to 60 pg/mL (data not shown). However, the level of VEGF after hematoma stimulation was increased nearly tenfold compared with that in normal cell supernatants, the expression of VEGF in *KLF-2*-ablated cell supernatants was further increased compared with that in normal cell supernatants after hematoma injury.

As shown in [Figure 3](#f0003){ref-type="fig"}, KLF-2 protected cells from vascular inflammation and the proangiogenic microenvironment caused by hematoma injury by decreasing the expression of VCAM-1, ICAM-1, VEGF and IL-6 and inducing the expression of IL-10.

KLF-2 and Combined Low-Dose Atorvastatin and Dexamethasone Treatment Interact in Hematoma-Stimulated Injured Cells {#s0003-s2004}
------------------------------------------------------------------------------------------------------------------

Based on the abovementioned data, we further evaluated the functional differences between normal and *KLF-2*-ablated cells, which were rescued by monotherapy or combined treatment after hematoma injury. Endothelial inflammation and permeability function markers were evaluated by Western blotting, PCR and ELISA.

The results indicated that KLF-2 could influence the inhibitory effect of atorvastatin monotherapy or combined atorvastatin and low-dose dexamethasone treatment on the cellular damage. We focused on the lack of significant differences in VE-cadherin and ZO-1 expression at both the protein and mRNA levels ([Figure 4A](#f0004){ref-type="fig"}--[C](#f0004){ref-type="fig"}) between the injury group and the rescue group of *KLF-2* knockdown cells, which demonstrated that vascular leakage was not obviously improved. We further performed Western blotting and PCR to detect changes in VCAM-1 and ICAM-1 levels and found no obvious differences between the injury group and the rescue group of *KLF-2* knockdown cells ([Figure 4A](#f0004){ref-type="fig"}--[C](#f0004){ref-type="fig"}). In addition, the expression levels of cytokines did not differ significantly between the injury group and the rescue group of *KLF-2* knockdown cells ([Figure 4D](#f0004){ref-type="fig"}). However, in treated normal cells, all phenomena were counteracted. Compared with the injury group, all treatment groups, especially the combined treatment group, exhibited greatly increased expression levels of VE-cadherin and ZO-1. The levels of VCAM-1 and ICAM-1 were lower in the treatment groups than in the injury group, consistent with the trends in the IL-6 and VEGF expression. However, the expression of IL-10 was induced in both treatment groups of normal cells compared with the injured cell group. We further compared the expression levels of markers of vascular leakage and markers of inflammation between the atorvastatin monotherapy and combined treatment groups. The data proved that compared with the monotherapy, the combined treatment could much more effectively protect cells from injury by attenuating the high levels of endothelial inflammation and permeability.Figure 4Hematoma sample stimulates cocultured cells and induces changes in the expression of vascular inflammation markers and tight junction proteins after ablation of *KLF-2* in endothelial cells given different treatments. (**A**) Western blot analysis of the changes in tight junction and adhesion protein expression in endothelial cells with different genotypes given different treatments after injury; (**B**) Gray value analysis of panel (**A**); (**C**) PCR analysis of the changes in the mRNA levels of tight junction and adhesion proteins in endothelial cells with different genotypes given different treatments after injury; (**D**) ELISA analysis of the changes in inflammatory factor and VEGF expression in endothelial cells with different genotypes given different treatments after injury. \*P \< 0.05.

Most importantly, as shown in [Figure 4](#f0004){ref-type="fig"}, KLF-2 played a pivotal role in mediating the effects of both monotherapy and combined treatment. The effects of these therapies were obviously reduced when KLF-2 expression was knocked down in the hCMEC/D3 cell line. We thus speculated that KLF-2 played a pivotal role in mediating the effects of both treatments, especially in the combined treatment.

Discussion {#s0004}
==========

The involvement of complex processes such as angiogenesis, inflammation, and coagulopathy in the process of CSDH has gradually been established.[@cit0021],[@cit0022] Because of its encapsulated nature, the subdural cavity is closed and cerebrospinal fluid does not permeate the subdural space containing blood after hematoma formation.[@cit0023] Therefore, the sources of mediators that drive inflammation and angiogenesis include cells such as endothelial cells, inflammatory cells and fibroblasts, which reside in membranes.[@cit0024]

The results of our previous clinical and basic research showed that the effect of combined treatment was better than that of atorvastatin monotherapy in both clinical and basic research. The expression of KLF-2 was significantly increased after treatment of cells with hematoma-stimulated injury. Interestingly, KLF-2 expression was much higher in the combined treatment group than in the monotherapy group. These results suggested that KLF-2 plays an important role in the process of rescuing injured cells, especially in the context of combined treatment.

To further investigate the specific mechanism underlying the efficacy of the combination therapy in CSDH, we used an endothelial cell-monocyte-hematoma sample coculture system to mimic the microenvironment of the CSDH subdural cavity. The levels of both inflammatory and angiogenic factors were assessed to evaluate the extent of injury. Emerging data have demonstrated that the expression of adhesion proteins, such as VCAM-1 and ICAM-1, plays pivotal roles in the inflammatory response as these proteins can induce leukocyte attachment and rolling on the endothelial surface.[@cit0025],[@cit0026] A study demonstrated that KLF-2 can reduce the expression of VCAM-1 and ICAM-1 in a high-glucose environment,[@cit0016] but no studies have addressed the effects of KLF-2 on CSDHs. In this study, we identified that hematoma-induced injury could reduce the expression of KLF-2, which causes robust vascular inflammation and permeability, mediated mainly by increased VCAM-1 and ICAM-1 expression and diminished VE-cadherin and ZO-1 expression. In addition, *KLF-2* ablation exacerbated hematoma-induced injury in cocultured cells. In contrast to the KLF-2 suppression observed in hematoma injury, strongly increased KLF-2 expression was observed in cells treated with monotherapy and especially in cells treated with combined treatment, and this increase in expression counteracted the alterations caused by hematoma injury. Furthermore, *KLF-2* ablation diminished the therapeutic effects of both the monotherapy and the combined therapy on rescuing injured cells. Compared with atorvastatin monotherapy, the combined treatment was significantly more effective in both inducing KLF-2 expression and protecting cells from hematoma injury. This result suggests that KLF-2 is a critical factor regulating the effectiveness of the combined treatment against hematoma injury in endothelial cells.

However, this study has some limitations. The specific mechanism by which KLF-2 mediates CSDH needs to be determined. In addition, the change in the KLF-2 level and its influence on the effect of the combined treatment should be evaluated in vivo. The level of KLF-2 in hematoma samples should be measured to investigate whether it differs significantly between hematoma tissue and CSDH patient serum.

Overall, our results indicate that atorvastatin combined with low-dose dexamethasone can counteract hematoma-induced KLF-2 suppression in human cerebral endothelial cells, attenuating the robust endothelial inflammation and permeability. KLF-2 plays an important role in drug therapy for CSDH and may become the key factor in treatment and prognosis.
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